Abstract. In the present study, the interaction of proteins in the microenvironment of gastric mucosal atypical hyperplasia was analyzed. The stromata of normal gastric mucosa (NGM) and gastric mucosal atypical hyperplasia (GMAH) tissues were purified with laser capture microdissection (LCM). The differentially expressed GMAH proteins of the NGM and GMAH tissues were identified by quantitative proteomic techniques with isotope labeling. The cross-talk between differentially expressed proteins in NGM and GMAH tissues was then analyzed by bioinformatics. There were 165 differentially expressed proteins identified from the stromata of NGM and GMAH tissues. Among them, 99 proteins were upregulated and 66 were downregulated in GMAH tissue. The present study demonstrated that these proteins in gastric mucosal atypical hyperplasia were involved in cancer-associated signaling pathways, including the p53, mitogen-activated protein kinase (MAPK), cell cycle and apoptosis signaling pathways, and were involved in cellular growth, cellular proliferation, apoptosis and the humoral immune response. The results of the present study suggest that the 165 differentially expressed proteins, including S100 calcium-binding protein A6 (S100A6) and superoxide dismutase 3 (SOD3) in the microenvironment of gastric mucosal atypical hyperplasia, are involved in the p53, MAPK, cell cycle and apoptosis signaling pathways, and serve a function in the pathogenesis of gastric cancer.
Introduction
Gastric carcinoma (GC), a serious threat to human health, is one of the most common malignancies in China, and its incidence and deaths rank first in the digestive system in 2015 (1) . The occurrence of GC involves a complex pathological process associated with polygenic interactions and multi-phase evolution (2) . The majority of patients experience the typical stages of normal gastric mucosa, chronic atrophic gastritis, precancerous lesions (atypical hyperplasia of gastric mucosa and intestinal metaplasia), early stages of gastric cancer, and advanced stage of disease (3) . However, at present, the molecular mechanisms underlying the occurrence of GC remain unclear.
The cross-talk that exists between tumor cells and the microenvironment serves an important function in the occurrence and development of tumors (4) . Tumor cells adapt to their microenvironment and exhibit corresponding biological characteristics. The tumor microenvironment refers to the internal environment in which the tumor grows, which is primarily composed of various interstitial cells, blood vessels, nerves, interstitial fluid and a small number of leucocytes (5) . Tumor cells are able to induce mesenchymal cells to produce a variety of cytokines and growth factors that promote tumorigenesis and development (6) . According to previous studies (7) , it is possible to target the formation mechanism of the tumor microenvironment in order to prevent the proliferation and metastasis of tumor cells. Knowledge of the interaction between the microenvironment and tumor cells is expected to provide a rich theoretical basis for the treatment of tumors. The aim of the present study was to elucidate the molecular mechanisms underlying the occurrence of GC by analyzing the protein interactions in gastric mucosal atypical hyperplasia.
Materials and methods
Tissue samples. Matching specimens, including 20 cases of normal gastric mucosa (NGM) tissue and gastric mucosa atypical hyperplasia (GMAH) tissue, were collected from The First Affiliated Hospital of University of South China between September 2016 and June 2017. The Cancer Research Institute of University of South China and The First Affiliated Hospital of University of South China are cooperative relations. Researchers from Cancer Research Institute are permitted to travel to the hospital and collect specimens with the permission of the medical ethics committee of University of South China. Specimens were collected from the stomach within 5 min of resection, and the gastric mucosal surface was washed with physiological saline prior to and following the incision. The samples were immediately frozen in liquid nitrogen and stored at -80˚C. Table I presented the clinical data including tumor stage determined by the eighth edition AJCC cancer staging manual (8) of 20 patients with GC. Two senior professional pathologists from Cancer Research Institute of University of South China were asked to independently diagnose the collected tissue samples without knowing any clinical or pathological data.
Ethics statement. The human GC tissue samples were collected from The First Affiliated Hospital of University of South China according to the institutional and governmental guidelines. All patients involved in the present study provided written informed consent, and the present study was approved by the medical ethics committee of University of South China (Hengyang, China).
Preparation and staining of frozen sections. The tissue samples were removed from liquid nitrogen and placed on a cryostat device carrier (Leica Biosystems GmbH, Wetzlar, Germany). Following the addition of optimal cutting temperature compound (OCT) embedding agent (Leica Microsystems GmbH), the samples were frozen at -25˚C for 20 min. Next, the samples were immobilized to the platform of the cryostat device, and frozen sections were made at a thickness of 8 µm. The frozen sections were affixed to film slides (Leica Microsystems GmbH) pretreated with ultraviolet (UV) light. Finally, the slides were fixed with 75% ethanol at 4˚C for 60 sec, stained with 0.5% methyl green (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) at 4˚C for 30 sec and discolored with 95% ethanol at 4˚C for 5 sec.
Laser capture microdissection (LCM).
The frozen tissue sections stained with methyl green were placed on an LCM apparatus (Leica LMD6, Leica Microsystems GmbH) platform. The target tissue was outlined on the display, and the laser automatically cut the target tissue in the slice. Dissolved one tablet of protease inhibitor cocktail tablets (Roche Diagnostics, Basel, Switzerland) in 50 ml ultrapure water to prepare 5% working solutions. The tissues were collected in a tube containing 2-3 µl protease inhibitor working solutions and were frozen at -80˚C for later use.
Protein extraction and isobaric tags for relative and absolute quantitation (iTRAQ) isotope labeling. The mesenchyma of the NGM and GMAH tissues were extracted using a lysis buffer (10 mM PMSF, 65 mM dithiothreitol, 7 M urea and 2 M thiourea) (GE Healthcare Life Sciences, Little Chalfont, UK) and centrifuged at 4˚C, 12,000 x g for 30 min. The supernatant included the total proteins of the NGM and GMAH mesenchyma. The total proteins were extracted and quantified using a bicinchonic acid protein assay kit (Beyotime Institute of Biotechnology, Shanghai, China), according to the manufacturer's protocol. The total proteins of the NGM mesenchyma were labeled with iTRAQ reagent 114; total proteins of the GMAH mesenchyma were labeled with iTRAQ reagent 118 (both Applied Biosystems; Thermo Fisher Scientific, Inc., Waltham, MA, USA) according to the manufacturer's protocol. A total of 100 µl ultrapure water was used to end the reaction. All protein samples were homogenized and lyophilized, and then the samples were dissolved in deionized water containing 0.1% formic acid (FA; Tedia Company, Fairfield, OH, USA). The marked samples were eluted twice with Sep-Pak C 18 Identification of differentially expressed proteins. The samples marked with iTRAQ were dissolved in 1 ml strong cation-exchange (SCX) buffer [25% (v/v) ACN and 10 mM KH 2 PO 4 , pH 2.6] for SCX separation. The two samples containing mesenchymal proteins of NGM and GMAH were mixed and loaded into a polysulfoethyl column and segregated using a 20AD high performance liquid chromatography (HPLC) system (Shimadzu Corporation, Kyoto, Japan) with the following conditions: i) 10 mM KH 2 PO 4 and 25% ACN, pH 2.6; ii) 10 mM KH 2 PO 4 , 350 mM KCl and 25% ACN, pH 2.6. The following settings were used: UV detection wavelength: 214/280 nm; flow rate: 200 µl/min for 60 min; salt gradient: from 5% i) at 5 min to 25% ii) at 40 min. Next, the products were concentrated by vacuum centrifugation for reverse-phase HPLC-mass spectrometry (MS) analysis. The samples were dissolved in 50 µl 5% ACN containing 0.1% FA and were loaded into a Zorbax 300SB-C 18 column (Agilent Technologies, Inc., Santa Clara, CA, USA). The conditions were as follows: i) 5% ACN, 0.1% FA; ii) 95% ACN, 0.1% FA. Flow rate: 300 nl/min for 90 min. Salt gradient: from 5% i) at 5 min to 35% ii) at 70 min. The data were analyzed using QSTAR-XL (Applied Biosystems; Thermo Fisher Scientific, Inc.) and tandem MS (MS/MS). Finally, the IPI human database (version 3.45; URL: http://www.ebi.ac.uk/IPI) was searched for protein information, and the confidence level was set to be >95%, and the ion peak areas of m/z 114 and 118 were integrated to perform relative quantitative analysis of proteins.
Western blot analysis. The total NGM and GMAH mesenchymal proteins were mixed with 5X loading buffer (Beyotime Institute of Biotechnology) and boiled for 5 min. The proteins had been quantified using a bicinchonic acid protein assay kit (Beyotime Institute of Biotechnology). Next, the samples were separated using 10% gradient SDS-PAGE gels at 30 µg per lane and transferred onto PVDF membranes (Merck KGaA). The membranes were blotted with 5% fat-free milk suspended in TBST at room temperature for 1 h, incubated at 4˚C overnight with S100 calcium-binding protein A6 (S100A6) antibody (1:1,000) (sc-53950; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) and superoxide dismutase 3 (SOD3) antibody (1:1,000) (sc-58427; Santa Cruz Biotechnology, Inc.), washed and then incubated with goat anti-mouse IgG-HRP (1:2,000) (sc-2005; Santa Cruz Biotechnology, Inc.) at room temperature for 2 h. Detection of immunoreactivity was achieved using enhanced chemiluminescence (GE Healthcare Life Sciences).
Immunohistochemistry. The present study used S-P immunohistochemical staining kits (MXB Company, Fujian Province, China; URL: http://www.maxim.com.cn/). The NGM and GMAH tissues were fixed with 10% formalin and embedded in paraffin. The expression of S100A6 and SOD3 proteins were detected according to the manufacturer's protocol. Briefly, 4-µm-thick sections were prepared and mounted on poly-L-lysine-coated glass slides, air-dried, deparaffinized with xylene and rehydrated in a descending ethanol series. Following microwave treatment for 20 min, endogenous peroxidase activity was suppressed using 0.3% hydrogen peroxide. The sections were treated with 5% normal goat serum (SL038) (Solarbio Life Sciences, Tongzhou Dist. Beijing, China) at room temperature for 15 min to block non-specific binding. The sections were incubated with anti-S100A6 (1:100) or anti-SOD3 (1:100) antibody overnight at 4˚C, and then incubated with goat anti-mouse IgG-FITC (1:200) (sc-2010; Santa Cruz Biotechnology, Inc.) at room temperature for 60 min followed by horseradish peroxidase-labeled streptavidin for 5 min at room temperature. The sections were counterstained with 0.1% hematoxylin at room temperature for 30 sec. Protein signaling pathways and interaction analysis. Visant software (version 3.91; URL: http://visant.bu.edu) was used to analyze the interactions between proteins. Additionally, the network of direct interactions between proteins was analyzed. The Clue Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of protein signaling pathways was performed using Cytoscape software (version 2.8.2; URL: http://www.cytoscape.org). GO_BP, GO_CC and GO_MF analyses were executed with David Functional Annotation (URL: http://david.abcc.ncifcrf.gov).
Statistical analysis. The data are reported as the mean ± standard deviation. Statistical analysis was performed using SPSS statistical package (version 18.0; SPSS, Inc., Chicago, IL, USA) as follows: Comparison between individual subgroups was performed using the Mann-Whitney U test, and correlation analysis between groups was performed using Spearman's rank correlation test. P<0.05 was considered to indicate a statistically significant difference.
Results
Purified mesenchyma of NGM and GMAH tissues. The NGM and GMAH tissues were obtained from fresh specimens of GC following surgical resection, and all tissues were confirmed by pathology. The mesenchyma of NGM and GMAH tissues were purified by LCM (Fig. 1) . The purity of objective groups was >95%.
Identification of differentially expressed proteins. The NGM and GMAH mesenchyma proteins were divided into solutions and marked using different isotopic iTRAQ. Next, the NGM and GMAH proteins were separated using a 20AD HPLC system and identified using QSTAR-XL MS/MS. A total of 165 differentially expressed proteins between the NGM and GMAH mesenchyma were identified (Table II) . The G/N value (NGM/GMAH tissue) was determined as the mean protein expression level. In total, 99 proteins (G/N>1.5) were identified to be upregulated and 66 proteins (G/N<0.667) were identified to be downregulated in the GMAH mesenchyma. The expression levels of the S100A6 and SOD3 proteins were different in the mesenchyma of the NGM and GMAH tissues, and were associated with tumorigenesis in previous studies (9, 10) . Fig. 2 presents the MS results and the quantification of the S100A6 ( Fig. 2A ) and SOD3 proteins (Fig. 2B) .
S100A6 is upregulated and SOD3 is downregulated in GMAH mesenchymal tissue.
The 20 samples of NGM and GMAH tissues were collected and purified. Next, the tissues were sectioned. The expression levels of the S100A6 and SOD3 proteins in NGM and GMAH mesenchyma were detected using western blotting and immunohistochemistry. The result of western blotting indicated that the S100A6 protein was upregulated, but that the SOD3 protein was significantly downregulated in the GMAH mesenchyma when compared with the NGM tissue (P<0.01; Fig. 3A ). Immunohistochemistry analysis demonstrated that S100A6 and SOD3 proteins were expressed in the mesenchyma of NGM and GMAH tissues; however, the staining intensity and expression levels of the S100A6 protein in the GMAH tissue were increased compared with those in the NGM tissue. The expression of the SOD3 protein was the opposite (Fig. 3B and C) . Therefore, the S100A6 and SOD3 expression levels were significantly different between the NGM and GMAH tissues (P<0.05; Table III) . These results were consistent with the results of quantitative proteomics in the present study (Table II) .
Interaction of differentially expressed proteins and relevant signaling pathways analysis.
The interaction between 165 differentially expressed proteins in GMAH were analyzed using Visant software. It was identified that 140 proteins acted as network nodes and interacted with each other. The results of KEGG signal pathway analysis demonstrated that the 165 proteins were involved in a number of tumor signaling pathways, including the p53, mitogen-activated protein kinase (MAPK), cell cycle, and apoptosis signaling pathways (Fig. 4) . Next, the biological functions of the 165 proteins were analyzed with the David tool, which indicated that the proteins were involved in cell growth, proliferation, apoptosis and the humoral immune response (results not shown).
Discussion
The microenvironment is composed of stromal cells, immune cells and cytokines, and the tumor microenvironment has been proven to determine the biological behavior of tumor cells (11, 12) . It is hypothesized that the interactions of protease, cytokines and receptors in the tumor microenvironment affect the osmotic pressure and metabolism of the tumor, which may result in immune escape and neoplasia (13, 14) . It is important to monitor cell behavior and prevent cancer by understanding changes in the microenvironment, which serve important functions in tumor occurrence and development (4). In the present study, 165 proteins that were differentially expressed between the NGM and GMAH tissue microenvironments were screened. These proteins were demonstrated to be involved in signaling pathways associated with cancer, including the MAPK, VEGF and p53 signaling pathways, suggesting that these proteins may regulate cell growth, proliferation, apoptosis and the humoral immune response. However, the interaction network should be further characterized in follow-up studies. In the present study, the expression of S100A6 and SOD3 was analyzed by western blotting and immunohistochemical staining techniques, and was identified to be significantly different and associated with tumorigenesis. These results were consistent with the results of quantitative proteomics in the present study. S100A6 is a member of the S100 protein family (15) . S100A6 has a number of biological functions, including participating in the degradation and ubiquitination of β-catenin, promoting apoptosis, interacting with extracellular matrix proteins, enhancing cell metabolism and skeleton depolymerization, participating in endocytosis and exocytosis, adjusting enzyme activity, inhibiting protein kinase C-mediated phosphorylation and participating in gene transcription (16, 17) . A number of studies have demonstrated that S100A6 is also associated with the occurrence and development of tumors and is upregulated in several tumors, including ovarian cancer, colorectal cancer, pancreatic cancer, liver cancer, malignant melanoma and osteosarcoma (18, 19) . According to the results of the present study, S100A6 is upregulated in the GMAH stroma. This protein may contribute to the malignant transformation of epithelial cells of gastric mucosa and promote cell invasion and metastasis. The S100A6 protein may be a potential biomarker for monitoring malignant cell transformation.
Mammalian SODs have three subtypes, namely the cytoplasmic SOD (CuZnSOD or SOD1), mitochondrial SOD (MnSOD or SOD2) and extracellular SOD (EC-SOD or SOD3) (20) . SOD3 serves an important function in maintaining the oxidation balance that prevents nuclear DNA and protein oxidative damage in the extracellular matrix and nucleus (21) . Previous studies have identified that the level of SOD3 was decreased in a variety of tumors, including lung, breast and thyroid cancer, and renal cell carcinoma (10, 22) . SOD3 is widely expressed in normal tissues; low or no expression of SOD3 causes an imbalance in the extracellular redox environment and cancer occurs more frequently in an imbalanced environment (23) . Therefore, a low or no expression of SOD3 may be a risk factor for malignant cell transformation (24) . The results of the present study demonstrated that SOD3 was downregulated in GMAH stroma, which resulted in DNA damage in gastric mucosa epithelial cells and GC. Therefore, the early detection of SOD3 may predict the occurrence of GC.
As the tumor microenvironment serves a critical function in GC occurrence and development, it important to identify Table III . Expression levels of S100A6 and SOD3 proteins in the NGM and GMAH tissues. the proteins present in the GMAH microenvironment. The present study identified a total of 165 differentially expressed proteins in GMAH stroma. These data will further clarify the molecular mechanisms of GC occurrence as well as potentially serving as prognostic markers for the early detection and diagnosis of GC. 
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